Nine volatile hydrocarbons, as well as methyl chloride, carbonyl sulphide and carbon disulphide, have been identified by mass spectrometry as products of Agaricus bisporus in the compost used in commercial mushroom beds. Of these, only ethylene showed a pattern of production that could be correlated with developmental phases of the crop, high levels being produced whenever fruit bodies were rapidly enlarging.
SUMMARY
Nine volatile hydrocarbons, as well as methyl chloride, carbonyl sulphide and carbon disulphide, have been identified by mass spectrometry as products of Agaricus bisporus in the compost used in commercial mushroom beds. Of these, only ethylene showed a pattern of production that could be correlated with developmental phases of the crop, high levels being produced whenever fruit bodies were rapidly enlarging.
In laboratory flask cultures, under controlled conditions, high levels of ethylene occurred whenever young fruit bodies entered the expansion phase. The enhanced rate of ethylene production continued over several days, irrespective of whether fruit bodies were removed. Production occurred within the colonized compost; no ethylene was evolved by the fruit body itself.
When the first fruit bodies expanded, either in beds or culture flasks, laccase levels in the compost fell and those of a P-1,4-glucanase (cellulase) rose. The enzyme switch occurred once only, during maturation of the first fruit bodies, whereas an elevated ethylene production was associated with each occasion when fruit body maturation took place.
The low level of laccase and high level of cellulase characterized the whole of the reproductive stage of A. bisporus, whereas the phasic periods of high ethylene production distinguished between periods of fruit body maturation and intervening resting periods.
I N T R O D U C T I O N
Agaricus bisporus (Lange) Sing., the cultivated mushroom, has two phases in its life history : a vegetative mycelial phase, followed by a reproductive, fruit body-forming phase. The change from one phase to the other occurs as a result of covering colonized compost with a layer of non-sterile peat or soil, mixed with lime, known as 'casing soil'. This results in the formation of fruit body initials which develop some days later into mature mushrooms. Despite numerous studies, the factors which control initiation and development are still not clearly defined. Eger (1972) showed that bacteria in the casing play an essential though unknown role in initiation. Mader (1943) and Sinden (quoted by Schisler, 1957 ) considered the involvement of volatile substances in the control of development, and the importance
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of CO, has been clearly demonstrated : low concentrations enhance and high concentrations suppress initiation (Tschierpe & Sinden, 1964 , 1965 Long & Jacobs, 1974) , and CO, also enhances the subsequent elongation of the stipe (Lambert, 1933) .
Ethylene and a number of volatile substances including acetaldehyde, acetone, ethyl alcohol and ethyl acetate have been identified as products of A. bisporus during both the vegetative phase (Tschierpe & Sinden, 1965 ; Richter, 1967) and reproductive phase (Lockard & Kneebone, 1962) , but their production has not, so far, been linked to a particular stage of development.
In higher plants, ethylene is a naturally produced growth regulator controlling many aspects of development (Abeles, I 973) . A number of other unsaturated hydrocarbons (acetylene, propene) will also modify plant growth in a similar way, but at much higher concentrations.
With the view that similar controls may exist in fungi, we have examined the production of ethylene and other hydrocarbon volatiles during the life cycle of A . bisporus both in normal commercial beds and in the controlled conditions of laboratory cultures. We report the identification of these volatiles, and set out evidence from which we conclude that a high and phasic production of ethylene reflects specific stages in development. We also report major changes in the activity of the enzymes laccase and cellulase, which may reflect or determine the nature of the substrates utilized during the different phases of growth.
M E T H O D S
Organism. Agaricus bisporus (White Queen strain No. 102) was used throughout. Growth conditions. (i) Commercial beds. Following spawning and colonization of pasteurized compost by the vegetative mycelium, the compost was covered with a non-sterile 'casing soil' consisting of a mixture of peat and chalk. Initiation of fruit bodies took place after the mycelium had grown into the casing layer and was followed by development of mature mushrooms in a series of 'breaks'. Each break was picked over a period of 2 to 4 days with a 3 to 5-day resting phase during which the fruit bodies of the next breakdeveloped.
(ii) Laboratory culture. Samples (150 g) of pasteurized compost (65 to 72 % moisture content), similar to that of the commercial beds, were put into either 600 ml or I 1 conical flasks and autoclaved for I h at 20 lb/in2 on two successive days. To inoculate the compost, 1 2 grains of the spawn were scattered on the surface and the cultures incubated at 25 "C for up to 23 days. Sterile or non-sterile casing (150 g, 75 % moisture content) was then spread over the colonized compost and the flasks incubated at 20 or 25 "C for a further 4 to 18 days. They were then attached to air lines for continuous ventilation with humidified air at 16 or 20 "C. Many initials formed in the non-sterile casing and fruit bodies developed at intervals either singly or in pairs.
For measurements of volatiles, each flask was closed for up to 6 h with a rubber bung bored to accept a Suba-Seal (Freeman Ltd, Barnsley, Yorkshire). The accumulated volatiles were sampled at appropriate intervals for gas chromatographic analysis. Possible inhibition of fruiting by accumulation of CO, was prevented by including a vial containing pellets of KOH.
(iii) Laboratory culture for mass spectral analysis. Uncased cultures consisting of 250 g of compost in 1500 ml conical flasks were incubated for I I to 14 days at room temperature. Immediately before sampling the flasks were autoclaved for 10 min at 20 lb/in2.
Sampling procedures from commercial beds. For each crop, three representative trays were marked and samples of casing and compost were removed at intervals. Each sample was withdrawn with large flat-sided forceps to give a plug (20 g) of material which included a 25 mm depth of casing only, or compost only. The compost was removed from 20 mm below the compost surface of uncased trays or from just below the casing-compost interface of the cased trays. A 6 g portion from each plug was transferred to a boiling tube which was closed with a Suba-Seal and sampled 6 h later for determination of volatiles by gas chromatography. A second 6 g sample was assayed for laccase and cellulase activity. Dry weight values were obtained from a further 6 g sample.
Gas chromatographic assays of volatiles. Samples (I ml) of the gas phase were withdrawn with a hypodermic syringe from the head space of either the sealed tubes containing samples from the mushroom beds, or the closed laboratory culture flasks. The gas sample was analysed by gas-solid chromatography in a Pye series 104 flame ionization gas chromatograph fitted with an 800 x 4 mm glass column containing activated silica gel at 160 "C (column A) (for details see Jackson & Osborne, 1972) . Five peaks with retention times of less than 5 min were obtained and these were numbered I to 5 in their order of elution from the column. They eluted with the retention times of ethane, ethylene, propane, propene and n-butane, respectively, as shown by co-chromatography with authentic standards. Values for ethylene are presented as nl/g fresh weight/h and those for other volatiles are presented as rates of production in arbitrary units (based on peak height) for the periods of enclosure of both tubes and flasks.
Identijication of volatiles by combined mass spectrometry and gas chromatography. The concentration of volatiles I to 5 accumulating in the head space of a culture flask was found to be too low to permit direct analysis by mass spectrometry. Larger quantities of the same volatiles were obtained when the flasks were autoclaved for 10 min at 20 lb/in2 immediately before sampling: this procedure was therefore adopted for the identification of the gases.
Gas (1500 ml) from above the autoclaved compost-mycelium was first passed through a 460 x 4 mm pre-column packed with 40 to 60 mesh gelatin to remove water vapour, and then condensed in a concentric-tube trap at -183 "C. The trap was connected into the carrier gas flow of the gas chromatograph (helium, 30 ml/min) and the condensed volatiles (including copious amounts of COJ were released by ohmic heating (10 V, 8 A, d.c.) and simultaneous immersion of the body of the trap in water at 60 "C. Preliminary experiments with column A showed that peaks 3, 4 and 5 contained more than one compound per peak. To obtain satisfactory mass spectra, a column with increased resolution but with similar properties to column A was prepared.
The Pye series 104 gas chromatograph was fitted with a 4 mm internal diameter glass column, I -52 m long, containing 80 to IOO mesh silicic acid at I 80 "C (column B). The emerging gas flow was divided in the ratio 2 : I between the silicone membrane separator inlet to the mass spectrometer and the flame ionization detector of the gas chromatograph. Mass spectra were obtained on an AEI MS902 mass spectrometer coupled to the gas chromatograph. The spectra were recorded in the mass range 12 to 100 nm using a ten second per decade scan speed and an ionization energy of 70 eV. Twelve compounds were identified by comparing the unknown mass spectra with those of standard compounds listed by Cornu & Massot (1966). The identities of ethane, ethylene, propane, propene and n-butane were further verified by co-chromatography with standard compounds. The gas chromatographic peak for propane included a trace quantity of carbonyl sulphide, and the peak for propene included a trace quantity of iso-butane. The remaining five compounds, all eluting later than n-butane, were methyl chloride, carbon disulphide, two unspecified isomers of butene, and n-pentane. For the purpose of this present study the five peaks detected on column A (Table I) were shown by co-chro- matography to contain the compounds assigned to them. Furthermore, the mass spectra which were taken over the whole region covered by the chromatogram show that peaks I and 2 were solely composed of ethane and ethylene respectively, and although peaks 3, 4 and 5 contained some additional material, it is acceptable for the purpose of the quantitative analysis to refer to them as propane, propene and n-butane, respectively (Table I) .
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Enzyme estimations. Each compost sample was extracted in 30 ml distilled water for 3 h at 17 "C. The resulting solution was then filtered through Whatman paper No. I and the filtrates were used directly for the determination of extracellular enzyme activities. Laccase assays were carried out at room temperature by a colorimetric method as described by Turner (1974) modified from Horowitz and Fling (1953) . The sample to be assayed (0.25 ml) was added to 3 ml of 0.1 M -K H~P O~-N~~H P O~ buffer, pH 6.6, and 0. 
RESULTS
Pattern of volatile production Preliminary determinations by gas chromatography (D. J. Osborne and M. B. Jackson, unpublished) indicated that five peaks representing low molecular weight volatiles are produced by samples of colonized compost or casing from mushroom beds. This work has been confirmed and the five peaks, including ethylene, have been identified by mass spectrometry. In addition, other volatile products, not previously reported from mushroom cultures, are now listed (see Methods).
The production of volatiles from compost and casing from commercial beds was monitored during the growth and development of several crops, and the statistical analysis of the values for the five peaks for one such crop, from the 19th to the 44th day after spawning, is presented in Table 2 . This shows that the production of all gases increased during colonization of the compost then declined from the 19th to the 33rd day after spawning, and that ethylene production was significantly higher than that of all the other gases at days 35, 40, 42 and 44. In Fig. I , the ethylene production from both compost and casing for this crop is plotted in relation to production of fruit bodies and it is seen that the days when high rates of ethylene production occurred are those on which many mature fruit bodies could be picked.
Measurements of the volatiles produced in the laboratory cultures by the compost and 
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Time after spawning (days) compost plus non-sterile casing indicated that their rates of production followed a pattern similar to that of the commercial beds (Fig. 2) . The results again illustrate the general decline in the production of ethane, propane, propene and n-butane with time, and the steep rise that occurs in ethylene production when fruit bodies are developing. None of these gases was produced by sterile compost alone.
A more detailed analysis of the production of ethylene in relation to the stage of development of the fruit body is presented in Fig. 3 . Although production rises during the early expansion of the fruit body it later declines, reaching a low level at autolysis or senescence of the fruit body. A similar pattern of production occurs if the fruit body is picked before Ethylene, cellulase and laccase from A . bisporus it is fully expanded. The high levels are therefore not attributable to the fruit body itself. Other data (not presented) have confirmed that fruit bodies do not themselves produce detectable levels of ethylene.
Picking is followed by the development of a second fruit body, again associated with a period of high ethylene evolution, and this has occurred up to four times in the same flask. Flasks which did not produce fruit bodies, either because of an adverse C02 concentration or because the compost was cased with a sterile casing soil, did not show a peak of enhanced ethylene production.
Enzyme activities during growth of the crop As previously reported (Turner, 1974 , laccase activity in extracts of inoculated compost increased both during the period of colonization and after casing, but thereafter fell quite quickly to an undetectable level at the time when the first fruit bodies matured (Fig. 4) . As the level of laccase activity fell, the level of cellulase activity rose, reaching, at fruiting, a high level which was then maintained throughout the subsequent cropping. Similar results were obtained from analysis of extracts of compost from the laboratory culture flasks. Preliminary data indicate that the fall in laccase and the rise in cellulase coincides with the onset of rapid elongation of the stipe. The levels of laccase and cellulase in extracts prepared from casing were uniformly low at all stages of crop development. When flasks containing autoclaved compost were colonized and then cased with sterile casing soil so that no fruiting occurred, the switch from high laccase to high cellulase did not occur.
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DISCUSSION
A number of volatile hydrocarbons not previously reported to be produced by A . bisporus have been identified as products both in commercial beds and in axenic laboratory cultures. In contrast to the other volatiles detected, the production of ethylene appeared to be related to the reproductive phase of the crop, as evidenced by the marked increase in evolution that occurred when fruiting bodies developed (Fig. 2) . Further, no burst of ethylene occurred when sterile casing was used. However, once the fruit body reached a certain size (Fig. 4) the elevated pattern of ethylene production continued unaltered even if the fruit body was removed.
A similar situation was demonstrated for plugs of compost removed from the commercial beds at the time of fruit body expansion, for these plugs continued to produce high levels of ethylene at a linear rate for at least 6 h after removal from the bed.
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Clearly, at the expansion stage ethylene is produced by the mycelium-compost complex rather than by the fruit bodies themselves. The ability of the mycelium-compost complex to produce these bursts in ethylene suggests that some special physiological or metabolic change in the complex coincides with the development of the first fruit bodies. This view is supported by the finding that a switch in the levels of the enzymes cellulase and laccase occurred at this time, consistent with the successive utilization of lignin and cellulose found in mushroom beds by Gerrits (1968).
As shown in Figs. I to 4 , there was an interval of about 10 days between the initiation of fruit bodies and their maturity. During this time a small 'button mushroom' gradually developed. In the final 48 h of the ripening process there is a rapid elongation of the stipe and expansion of the cap, followed by veil-break and ripening of the first spores (Bonner, Kane & Levey, 1956) . It was at this stage that the changes in ethylene, laccase and cellulase levels occurred (see Fig. 4) .
Although we have established that in pure cultures on artificial media our strain of A . bisporus could produce cellulase and ethylene (unpublished results), the introduction of bacteria at the time of casing affords a possible additional source of both these compounds. This derives from the ethylene production by one of the many bacteria isolated from our non-sterile casing (unpublished results) and the many reports of cellulase production by bacteria (Suzuke, Yamane & Nisizawa, 1969) .
However, it seems unlikely that such bacteria are directly responsible for the quantitative changes in enzyme activity and ethylene production during the change from the vegetative to the reproductive phase. Although, under normal conditions of growth of the mushroom crop, bacteria are necessary to initiate the reproductjve phase (Eger, 1972) , a number of experiments (Eger 1972; Long & Jacobs, 1974; Hayes, Randle & Last, 1969) suggest that initiation is provoked by the observance of very special environmental conditions normally provided by the association with the bacteria. Clearly, if these quantitative changes in enzyme activity and ethylene production occur in special conditions in the absence of bacteria, then they must originate within the fungal mycelium.
It is widely recognized that quantitative changes in production of certain enzymes occur at particular times in the life cycles of some fungi. An increase in tyrosinase activity is symptomatic of the change from the vegetative to the reproductive phase both in pure cultures of fungi (Hirsch, 1954; Wilson, 1968) and in the non-sterile casing soil of A . bisporus (Turner, 1974) . We suggest that the enzyme switch to high cellulase activity in the compost which is reported in this paper, and which characterizes the first phase of fruit body expansion, is a similar phenomenon attributable to the fungal mycelium.
The bursts in ethylene production coincide with the expansion of every fruit body whilst the cellulase activity remains constant at a high level throughout the reproductive phase. Thus ethylene production may be the first parameter to be discovered which is associated with the successive 'breaks' of mushrooms in the commercial beds.
Investigations are continuing with the aim of elucidating the requirement for casing bacteria during differentiation in A. bisporus, and the significance of the ethylene production and enzyme changes during fruit body expansion.
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